Premise of the study: The teosinte branched1 (tb1 ) gene is a major QTL controlling branching 2 differences between maize and its wild progenitor, teosinte. The insertion of a transposable 3 element (Hopscotch) upstream of tb1 is known to enhance the gene's expression, causing reduced 4 tillering in maize. Observations of the maize tb1 allele in teosinte and estimates of an insertion 5 age of the Hopscotch that predates domestication led us to investigate its prevalence and 6 potential role in teosinte. 7 Methods: Prevalence of the Hopscotch element was assessed across an Americas-wide sample of 8 1110 maize and teosinte individuals using a co-dominant PCR assay. Population genetic 9 summaries were calculated for a subset of individuals from four teosinte populations in central 10 Mexico. Phenotypic data were also collected from a single teosinte population where Hopscotch 11 was found segregating. 12 Key results: Genotyping results suggest the Hopscotch element is at higher than expected 13 frequency in teosinte. Analysis of linkage disequilibrium near tb1 does not support recent 14 introgression of the Hopscotch allele from maize into teosinte. Population genetic signatures are 15 consistent with selection on this locus revealing a potential ecological role for Hopscotch in 16 teosinte. Finally, two greenhouse experiments with teosinte do not suggest tb1 controls tillering in 17 natural populations.
INTRODUCTION
Hopscotch retrotransposon suggests that its insertion predates the domestication of maize, leading 5'-TCGTTGATGCTTTGATGGATGG-3'; HopR, 5'-AACAGTATGATTTCATGGGACCG-3'; and 3 min, 30 cycles of 92 • C for 40 s, annealing for 1 min, 72 • C for 40 s, and a final 10 min extension 23 at 72 • C. Annealing temperatures for Region 1 and Region 2 were 59.7 • C and 58.8 • C, respectively. 24 To clean excess primer and dNTPs we added two units of Exonuclease1 and 2.5 units of Antarctic 25 Phosphatase to 8.0 µL of amplification product. This mix was placed on a thermal cycler with 26 the following program: 37 • C for 30 min, 80 • C for 15 min, and a final cool-down step to 4 • C. 27 We cloned cleaned fragments into a TOPO-TA vector (Life Technologies, Grand Island, New 28 York, USA) using OneShot TOP10 chemically competent E. coli cells, with an extended ligation 29 time of 30 min for a complex target fragment. We plated cells on LB agar plates containing 30 kanamycin, and screened colonies using vector primers M13 Forward and M13 Reverse under the 31 following conditions: 96 • C for 5 min; then 35 cycles at 96 • C for 30 s, 53 • C for 30 s, 72 • C for 2 32 min; and a final extension at 72 • C for 4 min. We visualized amplification products for 1 incorporation of our insert on a 1% agarose TAE gel.
2 Amplification products with successful incorporation of our insert were cleaned using 3 Exonuclease 1 and Antarctic Phosphatase following the procedures detailed above, and sequenced 4 with vector primers M13 Forward and M13 Reverse using Sanger sequencing at the College of 5 Agriculture and Environmental Sciences (CAES) sequencing center at UC Davis. We aligned and 6 trimmed primer sequences from resulting sequences using the software Geneious (Kearse et al., 7 2012). Following alignment, we verified singleton SNPs by sequencing an additional one to four 8 colonies from each clone. If the singleton was not present in these additional sequences it was 9 considered an amplification or cloning error, and we replaced the base with the base of the 10 additional sequences. If the singleton appeared in at least one of the additional sequences we 11 considered it a real variant and kept it for further analyses.
12
Genotyping analysis-To calculate differentiation between populations (F ST ) and 13 subspecies (F CT ) we used HierFstat (Goudet, 2005 La Mesa (MSA) populations (Pyhäjärvi et al., 2013) . We chose these populations because we had 10 both genotyping data for the Hopscotch as well as chromosome-wide SNP data for chromosome 1.
11
For each population we filtered the initial set of 5,897 SNPs on chromosome 1 to accept only 12 SNPs with a minor allele frequency of at least 0.1, resulting in 1,671, 3,023, 3,122, and 2,167 13 SNPs for SLO, EjuB, EjuA, and MSA, respectively. We then used Tassel (Bradbury et al., 2007) 14 to calculate linkage disequilibrium (r 2 ) across chromosome 1 for each population. 15 We examined evidence of introgression on chromosome 1 in these same four populations 16 (EjuA, EjuB, MSA, SLO) using STRUCTURE (Falush et al., 2003) and phased data from (Gerke et al., 2013) . We created haplotype blocks using a custom Perl script that grouped 20 SNPs separated by less than 5kb into haplotypes. We ran STRUCTURE at K=2 under the 21 linkage model, performing 3 replicates with an MCMC burn-in of 10,000 steps and 50,000 steps 22 post burn-in.
23
Phenotyping of parviglumis-To investigate the phenotypic effects of the Hopscotch 24 insertion in teosinte, we conducted an initial phenotyping trial (Phenotyping 1). We germinated 25 250 seeds of parviglumis collected in Jalisco state, Mexico (population San Lorenzo) (Hufford, 26 2010) where the Hopscotch is segregating at highest frequency (0.44) in our initial genotyping 27 sample set. In order to maximize the likelihood of finding the Hopscotch in our association 28 population we selected seeds from sites where genotyped individuals were homozygous or 29 heterozygous for the insertion. We chose between 10-13 seeds from each of 23 sampling sites. We 30 treated seeds with Captan fungicide (Southern Agricultural Insecticides Inc., Palmetto, Florida, 31 USA) and germinated them in petri dishes with filter paper. Following germination, 206 32 successful germinations were planted into one-gallon pots with potting soil and randomly spaced 1 one foot apart on greenhouse benches. Plants were watered three times a day by hand and with 2 an automatic drip containing 10-20-10 fertilizer.
3
Starting on day 15, we measured tillering index as the ratio of the sum of tiller lengths to the 4 height of the plant (Briggs et al., 2007) . Following initial measurements, we phenotyped plants for 5 tillering index every 5 days through day 40, and then on day 50 and day 60. On day 65 we 6 measured culm diameter between the third and fourth nodes of each plant. Culm diameter is not 7 believed to be correlated with tillering index or variation at tb1. Following phenotyping we 8 extracted DNA from all plants using a modified SDS extraction protocol. We genotyped 9 individuals for the Hopscotch insertion following the protocols listed above. Based on these initial 10 data, we conducted a post hoc power analysis using data from day 40 of Phenotyping 1, indicating 11 that a minimum of 71 individuals in each genotypic class would be needed to detect the observed 12 effect of the Hopscotch on tillering index. 13 We performed a second phenotyping experiment (Phenotyping 2) in which we germinated 372 14 seeds of parviglumis, choosing equally between sites previously determined to have or not have the 15 Hopscotch insertion. Seeds were germinated and planted on day 7 post fruit-case removal into two 16 gallon pots. Plants were watered twice daily, alternating between fertilized and non-fertilized 17 water. We began phenotyping successful germinations (302 plants) for tillering index on day 15 18 post fruit-case removal, and phenotyped every five days until day 50. At day 50 we measured 19 culm diameter between the third and fourth nodes. We extracted DNA and genotyped plants 20 following the same guidelines as in Phenotyping 1.
21
Tillering index data for each genotypic class did not meet the criteria for a repeated measures 22 ANOVA, so we transformed the data using a Box-Cox transformation (λ = 0) Car Package for R,
23
Fox and Weisberg 2011) to improve the normality and homogeneity of variance among genotype 24 classes. We analyzed relationships between genotype and tillering index and tiller number using a 25 repeated measures ANOVA through a general linear model function implemented in SAS v.9.3 26 (SAS Institute Inc., Cary, NC, USA). Additionally, in order to compare any association between 27 Hopscotch genotype and tillering and associations at other presumably unrelated traits, we 28 performed an ANOVA between culm diameter and genotype using the same general linear model Hopscotch genotyping, we calculated differentiation between populations (F ST ) and subspecies 8 (F CT ) for populations in which we sampled eight or more alleles. We found that F CT = 0, and 9 levels of F ST among populations within each subspecies (0.22) and among all populations (0.23) 10 are similar to those reported genome-wide in previous studies (Pyhäjärvi et al. 2013 ; Table 1 ).
11
Although we found large variation in Hopscotch allele frequency among our populations, BayEnv comparable values of these summary statistics, and San Lorenzo has much lower values.
20
Additionally, Tajima's D is strongly negative in the two Ejutla populations and La Mesa, but is 21 less negative in San Lorenzo ( Evidence of introgression-The highest frequency of the Hopscotch insertion in teosinte 3 was found in parviglumis sympatric with cultivated maize. Our initial hypothesis was that the 4 high frequency of the Hopscotch element in these populations could be attributed to introgression 5 from maize into teosinte. To investigate this possibility we examined overall patterns of linkage 6 disequilibrium across chromosome one and specifically in the tb1 region. If the Hopscotch is found 7 in these populations due to recent introgression we would expect to find large blocks of linked 8 markers near this element. We find no evidence of elevated linkage disequilibrium between the 9 Hopscotch and SNPs surrounding the tb1 region in our resequenced populations (Figure 2) , and 10 r 2 in the tb1 region does not differ significantly between populations with (average r 2 of 0.085) 11 and without (average r 2 = 0.082) the Hopscotch insertion. In fact, average r 2 is lower in the tb1 12 region (r 2 = 0.056) than across the rest of chromosome 1 (r 2 = 0.083; Table 3 ).
13
The lack of clustering of Hopscotch genotypes in our NJ tree as well as the lack of LD around 14 tb1 do not support the hypothesis that the Hopscotch insertion in these populations of parviglumis 15 is the result of recent introgression. However, to further explore this hypothesis we performed a If the Hopscotch insertion is present in populations of parviglumis as a result of recent admixture 21 with domesticated maize, we would expect the insertion and linked variants in surrounding sites 22 to be assigned to the "maize" cluster in our STRUCTURE runs, not the "teosinte" cluster. In all 23 runs, assignment to maize in the tb1 region across all four parviglumis populations is low (average 24 0.017) and much below the chromosome-wide average (0.20; Table 4 ; Fig. 3 ).
25
Phenotyping-To assess the contribution of tb1 to phenotypic variation in tillering in a 26 natural population, we grew plants from seed sampled from the San Lorenzo population of 27 parviglumis, which had a high mean frequency (0.44) of the Hopscotch insertion based on our 28 initial genotyping. We measured tillering index (TI), the ratio of the sum of tiller lengths to plant 29 height, for 216 plants (Phenotyping 1) from within the San Lorenzo population, and genotyped 30 plants for the Hopscotch insertion. We found the Hopscotch segregating at a frequency of 0.65 31 with no significant deviations from expected frequencies under Hardy-Weinberg equilibrium.
32
After performing a repeated measures ANOVA between our transformed tillering index data and 1 Hopscotch genotype we find no correlation between genotype at the Hopscotch insertion and 2 tillering index (Fig. 4 ), tiller number, or culm diameter. 3 We performed a second grow-out of parviglumis from San Lorenzo (Phenotyping 2) to assess 4 whether lighting conditions or sample size may have affected our ability to detect an effect of tb1.
5
For the second grow-out we measured tillering index every five days through day 50 for 302 6 plants. We found the Hopscotch allele segregating at a frequency of 0.69, with a 0.6 frequency of 7 Hopscotch homozygotes, and a 0.2 frequency of both heterozygotes and homozygotes for the 8 teosinte allele. Results were similar to Phenotyping 1, with no significant correlation between 9 Hopscotch and any of the three phenotypes measured.
10

DISCUSSION
11
Adaptation occurs due to selection on standing variation or de novo mutations. Adaptation 12 from standing variation has been well-described in a number of systems; for example, selection for 13 lactose tolerance in humans (Plantinga et al., 2012; Tishkoff et al., 2007) , variation at the Eda 14 locus in three-spined stickleback (Kitano et al., 2008; Colosimo et al., 2005) , and pupal diapause 15 in the Apple Maggot fly (Feder et al., 2003) . Although the adaptive role of standing variation has 16 been described in many systems, its importance in domestication is not as well studied. While gene flow from crops into their wild relatives is well-known, (Ellstrand et al., 1999; 8 Zhang et al., 2009; Thurber et al., 2010; Baack et al., 2008; Hubner et al., 2012; Wilkes, 1977; van 9 Heerwaarden et al., 2011; Barrett, 1983) , our results are more consistent with Hufford et al.
10
(2013) who found resistance to introgression from maize into teosinte around domestication loci.
11
We find no evidence of recent introgression in our analyses. Clustering in our NJ trees do not 12 reflect the pattern expected if maize alleles at the tb1 locus had introgressed into populations of 13 teosinte. Moreover, there is no signature of elevated LD in the tb1 region relative to the rest of 14 chromosome 1, and Bayesian assignment to a maize cluster in this region is both low and below 15 the chromosome-wide average (Fig. 3, Table 4 ). Together, these data point to an explanation 16 other than recent introgression for the high observed frequency of Hopscotch in a subset of our 17 parviglumis populations.
18
Although recent introgression seems unlikely, we cannot rule out ancient introgression as an 19 explanation for the presence of the Hopscotch in these populations. If the Hopscotch allele was 20 introgressed in the distant past, recombination may have broken up LD, a process that would be 21 consistent with our data. We find this scenario less plausible, however, as there is no reason why gene flow should have been high in the past but absent in present-day sympatric populations. In interpretation, tb1 is thought to be part of a complex pathway controlling branching, tillering and 26 other phenotypic traits (Kebrom and Brutnell, 2007; Clark et al., 2006) . A recent study by Clues to the identity of these loci may be found in QTL studies that have identified loci 2 controlling branching architecture (e.g., Doebley and Stec 1991, 1993) . Many of these loci (grassy 3 tillers, gt1 ; tassel-replaces-upper-ears1, tru1 ; terminal ear1, te1 ) have been shown to interact with 4 tb1 (Whipple et al., 2011; Li, 2012) , and both tru1 and te1 affect the same phenotypic traits as 5 tb1 (Doebley et al., 1995) . tru1, for example, has been shown to act either epistatically or 6 downstream of tb1, affecting both branching architecture (decreased apical dominance) and tassel 7 phenotypes (shortened tassel and shank length and reduced tassel number; Li 2012). Variation in 8 these additional loci may have affected tillering in our collections and contributed to the lack of 9 correlation we see between Hopscotch genotype and tillering. Finally, although photoperiod for 10 Phenotyping 2 reasonably approximated that of the normal parviglumis growing season, Appendix S3: Representation of the upstream regulatory region of tb1, showing the tb1 coding region (green) and the Hopscotch insertion (red). Arrows show the location of primer sets; in black, primers used for amplification and sequencing (Region 1; within the 5' UTR, and Region 2; 66,169 bp upstream from the tb1 ORF); in blue, primers used to genotype the Hopscotch insertion.
